The mechanical responses of GaN/AlN multilayers grown on Si(111) substrates by using the metalorganic vapor phase epitaxy (MOVPE) were investigated by combining the Berkovich nanoindentation and the cross-sectional transmission electron microscopy (XTEM) techniques. The prominent mechanical parameters such as the hardness and Young's modulus of GaN/AlN multilayers were obtained to be 21.6 ± 0.8 GPa and 285.7 ± 12.1 GPa, respectively by operating the Berkovich nanoindenter with the continuous contact stiffness measurements (CSM) mode. The structural deformation behaviors were delineated by XTEM observations taken in the vicinity regions just underneath the indenter tip. It was revealed that the "pop-ins" observed in the load-displacement curve during loading are due primarily to the activities of dislocation nucleation and propagation. There is no evidence of either phase transformation or micro-crack formation observed in XTEM images of GaN/AlN multilayers, which is consistent with no distinct "pop-out" event displayed in unloading curves.
INTRODUCTION
Growing GaN thin films on Si(111) substrates has become one of the prominent subjects in the field of optoelectronics over the past decade because of its low cost, large size, good thermal conductivity as well as the unprecedented potential of integrating with the Si-based microelectronic devices and microelectromechanical systems 1 as compared with other substrates, such as the sapphire 2 and SiC. 3 Nevertheless, the large lattice mismatch between GaN and Si (16.9% at 300 K) has been a major obstacle for obtaining high quality GaN films on Si directly owing to the numerous strain relief-induced threading dislocations during film growth processes. Another equally severe, if not worse, drawback is the large difference * Author to whom correspondence should be addressed.
(∼57%) between the thermal expansion coefficients of GaN and Si, which would unavoidably lead to crack formation during the post-growth cooling process. Consequently, in order to obtain high quality GaN films on Si various technical measures, such as the lateral confined epitaxy, selective area growth, step-graded interlayer growth, and AlGaN/GaN superlattice intermediate layers buffering, have been implemented. [4] [5] [6] For instance, by using high quality AlN buffer layer, Li et al. 7 were able to obtain crack-free GaN thin films on large area Si substrates. Similarly, Wu et al. 8 have also succeeded in growing crack-free GaN(0001) films on Si(111) substrates with significantly reduced dislocation densities by intercalating GaN/AlN superlattices. On the other hand, the blueto-green light emitting diodes and high-power field-effect transistors with high quality GaN epilayers have also been realized using an AlN buffer layer.
Although tremendous efforts have been put forth to investigating GaN/AlN multilayers, we note, that most of the previous works have been focused on how they would reduce the dislocations threading into the top-most active GaN layer and their resulting effects on the optoelectronic characteristics of GaN layer and their mechanical properties are, unfortunately, largely ignored. Since the rapid development of the "nanotechnologies" over the last decade, there is an increasing demand of handling materials at the nanometer-scale for making nanostructures and/or nanodevices. Thus, it has become crucially important to understand how the materials behave at nanoscales. In particular, it has been well-established that, when the size is down to the nanoscale, the mechanical properties of a material, such as the hardness and Young's modulus, may be very different from that in the bulk form. In this respect, a precise measurement of the mechanical properties of GaN/AlN multilayers is in order, especially when they are considered to be used either as the structureimproving intercalating layers or directly as the functional elements in the future device applications. The deformation mechanisms of the GaN/AlN multilayers and how the threading dislocations respond to the indentation stresses are therefore of significant technological importance, with contact-induced damage and cracking being of particular interest.
Nanoindentation technique first developed nearly two decades ago 11 has proved to be a powerful tool in delineating the mechanical properties of thin films or local structures of various materials within the submicron-or nano-scales. [12] [13] [14] [15] Here we report, for the first time to our knowledge, the hardness and Young's modulus of GaN/AlN multilayers by using a Berkovich nanoindenter operating with the continuous stiffness measurement (CSM) mode for nanoindentation measurements. 12 14 16 The structural and surface morphological properties are characterized by using X-ray diffraction (XRD) and atomic force microscopy (AFM), respectively. Moreover, a combination of nanoindentation, focused ion beam (FIB) and transmission electron microscopy (TEM) techniques has been carried out to investigate the contact-induced structural deformation behaviors in the GaN/AlN multilayers.
EXPERIMENTAL DETAILS
The GaN/AlN multilayer used in this study were grown on Si(111) substrates by the metal-organic vapor phase epitaxy (MOVPE) system with a horizontal reactor (Aixtron 200/4 RF-S). The multilayer consist of six periods of alternating layers of GaN (300 nm) and AlN (20 nm) with a total thickness of about 2 m. The Si(111) substrates was chosen because of its trigonal symmetry favors the epitaxial growth of (0001)-oriented GaN films. Prior to deposition, the substrates were degreased in the H 2 SO 4 :H 2 O 2 :H 2 O (3:1:1) solution for 5 min and etched with 5% HF solution for 5 min to remove the oxide on the surface. After the preparation, the substrates were heated to 720 C under H 2 flow. Then, a few monolayer of Al was deposited on the substrates before depositing a low temperature-AlN (∼25 nm) nucleation layer at the same temperature to prevent from forming an amorphous Si x N y layer, which might hinder the subsequent epitaxial growth of AlN nucleation layer. 17 The related details growth procedures for growing the GaN/AlN multilayer superlattice can be found elsewhere. 8 The crystal structure of the samples was determined by glancing incident X-ray diffraction analysis (GIXRD) at an incident angle of 0.5 using Cu-K radiation. The surface morphology of the specimens was examined by an SPM-9500J2 AFM from Shimadzu of Japan. For each AFM operation a constant load of 30 nN was applied to the cantilever and a constant scan speed of 1 m/s was used. The mechanical properties were analyzed by an MTS XP-Nanoindenter equipped with continuous stiffness measurement. For each nanoindentation measurement five tests were performed for each specimen. For each test, the Berkovich indenter (whose tip has a radius of curvature about 50 nm as calibrated on an amorphous fused silica factory supplied reference sample) was operated with a maximum penetration depth of 100 nm and a constant strain rate 0.05 s −1 . After reached at the peak load, the indentation was hold for 10 s for creeping and then was hold again at 90% of the peak load for 20 s for thermal drift correction. The allowable drift rate was 0.05 nm s −1 . We adopted the analytic method developed by Oliver and Pharr 11 to determine the hardness (H and Young's modulus (E f of GaN/AlN multilayers from the load-displacement curve. In addition, in order to delineate the details of the contact-induced deformation mechanisms, direct microstructure observations, enabled by combining the FIB and TEM techniques, were carried out. After a maximum indentation load of 80 mN, the crosssectional TEM (XTEM) samples, chosen from the vicinity regions of the indents, were prepared by using a dualbeam FIB (FIB, Nova 220) station with 30 keV Ga ions. Cross sections and TEM foils were realized after a preliminary in situ platinum deposition to protect the surface layers during ion milling, as described in more detail previously. 18 The XTEM lamella was examined in a FEI TECNAI G 2 TEM operating at 200 kV.
RESULTS AND DISCUSSION
The typical XRD result of GaN/AlN multilayers is displayed in the left panel of Figure AlN (0001) and Si (111) is as large as 19%. It has been pointed out that the marked strain between the film and substrate can be largely relieved by introducing periodic array of misfit dislocations, which owing to the weaker Si-Si bonds as compared to Al-N and Si-N bonds are primarily located in the silicon lattice. 17 As a result, although these misfit dislocations may still thread into the subsequently grown GaN/AlN multilayers, the crystallinity of the layers is sufficiently maintained. In addition, from the AFM image shown in the right panel of Figure 1 , the rootmean-square of the surface roughness R RMS of GaN/AlN multilayers is determined to be around 0.5 nm, indicating the smooth two-dimensional growth mode for film growth and possible disturbances from the threading misfit dislocations. Figure 2 (a) illustrates the typical single-cycle nanoindentation curve with relatively small maximum loading obtained for GaN/AlN multilayers. The total penetration depth into films was ∼100 nm with a peak load of 3.5 mN. The hardness and Young's modulus of GaN/AlN multilayers can be calculated from the load-displacement data by the analytic method developed by Oliver and Pharr.
11 Furthermore, with the continuous contact stiffness measurements, the penetration depth dependence of hardness and Young's modulus can be obtained, as shown in Figures 2(b) -(c), respectively. It is interesting to note that the load-displacement curve displayed in Figure 2 (a) evidently exhibits some small kink-like irregularities in the loading segment (indicated by the small arrows), which usually were referred to as "pop-ins". The characteristic of multiple pop-ins has been identified to be one of the unique features of hexagonal compound semiconductor, such as GaN, AlN, and ZnO, primarily because of multiple active dislocation slip systems existing in these materials. [19] [20] [21] It is also generally conceived that the popin events effectively mark the initiation of dislocation motion occurring upon the onset of plastic deformation. As a result, the events of pop-ins generally are coinciding nicely with sudden decreases in the hardness of measured materials. [19] [20] [21] This is evidently seen by comparing the loading curve in Figure 2 (a) and the hardness curve in Figure 2(b) , wherein the abrupt decrease in hardness of GaN/AlN multilayers takes place at the penetration depth of ∼18 nm which also marks the appearance of the first pop-in event. The corresponding shear stress under the Berkovich indenter at indentation load, P c , where the loaddisplacement discontinuity occurs, can be determined by using the following relation:
where R is the radius of the tip of the indenter. Therefore, P c and max of GaN/AlN multilayers are ∼0.25 mN and 7.21 GPa, respectively.
The hardness, H (Fig. 2(b) ), and Young's modulus, E f ( Fig. 2(c) ), as a function of increasing penetration depth exhibit essentially the same behaviors. Namely, after the first pop-in events both rapidly approach a nearly constant value with H = 21 6 ± 0 8 GPa and E r = 285 7 ± 12 1 GPa, respectively. Comparing to H = 19 0 ± 1 0 GPa and E r = 286 0 ± 25 0 GPa as well as H = 24 8 ± 0 3 GPa and E r = 223 9 ± 5 3 GPa obtained respectively from the single-layer GaN 20 and AlN 21 epitaxial films, the mechanical properties of the current GaN/AlN multilayer structure appear to be more close to single layer GaN. This is not surprising considering that in the current structure each GaN layer is about 0.3 m-thick and over 90% of material is GaN. The results, nevertheless, also suggest that in the current configuration the deformation may have occurred concurrently within each layer and the interface does not play a significant role here. Finally, the small fluctuations are believed to be associated with subsequent dislocation activities during the course of pressure-induced plastic deformations and will be discussed in more details later.
In order to delineate the mechanical responses of the multilayer structure to more realistic situations, we have increased the peak loading to 80 mN with a cyclic loading-reloading scheme. Figure 3 shows the typical load-displacement curve obtained from this cyclic scheme. The fact that, similar to that seen in Figure 2(a) , the popins phenomena are observable over almost the entire range of indentation load and penetration depth indicates they should be intimately correlated with the plastic deformation of the GaN/AlN multilayers. Since, depending on the maximum indentation load applied, the loading curves are with different stress rates, it is suggestive that the first popin is not thermally activated. Instead, these phenomena are usually attributed to dislocation nucleation and propagation during loading as have been observed in a wide variety of materials, 19-21 24-25 or micro-cracking. 13 In addition, the reverse discontinuities during unloading curve, the socalled "pop-out" event, commonly observed in Si and has been attributed to contact-induced phase transition 26 is not observed here. Furthermore, the SEM observation shown in the inset of Figure 3 does not reveal any evidence of material pile-ups and signs of crack formation on the film surface around the indented area. The absence of pop-out serration in the unloading segments of the loaddisplacement curves, surface pile-up and cracks indicates that the Berkovich nanoindentation-induced deformation in GaN/AlN multilayers is predominantly governed by the dislocation nucleation and propagations. Therefore, it is clear that not only the first pop-in event may reflect the onset of plasticity as described in the previous paragraphs, but even with much higher maximum applied loading the deformation behaviors in the present GaN/AlN multilayers are still dominated by pressure-induced nucleation and propagation of dislocations. This is in fact quite consistent with what were observed in many materials with hexagonal structures such as sapphire, 27 GaN films [19] [20] and single crystal ZnO 24 and is in contrast to the cubic structured InP and GaAs, 28 in that only single pop-in event signifying the onset of plasticity was observed. As mentioned previously, the multiple slipping systems inherent to the hexagonal structured materials are believed to be the primary reason giving rise to the multiple pop-ins characteristics. It is, nevertheless, very interesting to ask how would these behaviors be influenced by the multilayer structure as well as by the pre-existing threading dislocations? Although we Nanoindentation-Induced Structural Deformation in GaN/AlN Multilayers have pointed out earlier that, from both of the hardness and Young's modulus results obtained from Figures 2(b-c) , the thin AlN intervening layers appeared to result in significant effects macroscopically, the plastic deformation process, however, is expected to be more complicated microscopically. In the following, we shall present preliminary studies using the XTEM techniques to delineate what happens to the material when it was subjected to the Berkovich nanoindentation.
A bright-field XTEM image of GaN/AlN multilayers subjected to an indentation load of 80 mN is displayed in Figure 4(a) . It clearly displays that there are high density of misfit-induced threading dislocations running vertically (primarily along the < 1120 > direction of GaN and AlN 17 ) through the entire film and the deformation features underneath the indented spot are primarily manifested by tremendous dislocation interaction activities. In particular, immediately beneath the indentation tip, the threading dislocations appeared to converge to the tip as compared to rather parallel feature seen in regions further remote from the tip. It is also interesting to note that, as suggested from the rather uniformly distributed heavily stained features, the pressure-induced deformation seems to extend over the entire multilayer structure, presumably due to the excellent interface epitaxy between the GaN and AlN layers. This may also explain the fact that the macroscopic parameters seemed to be rather insensitive to the existence of interfaces. Moreover, it is noted that there is no deformation at the interface of GaN/AlN multilayers and Si substrate other than the bend contours, indicating that this indentation load is insufficient to initiate measurable deformation in the Si substrate, thus no pressure-induced phase transformation should be expected. In order to have a closer look at the activities of the dislocations immediately beneath the Berkovich indenter tip, an enlarged version of the area I marked in Figure 4 is displayed in Figure 4(b) . While extensive deformationinduced damage is evident in the vicinity directly underneath the tip of the Berkovich indenter, there is no evidence of cracking in the GaN/AlN multilayers. Instead, highly packed slip bands aligning along the (0001) basal planes of the GaN/AlN multilayers along the (0001) basal planes are evidently observed, especially in the first three layers of GaN. There are some slip bands oriented at ∼60 to the film surface, as well. The ∼60 slip bands, which are believed to originate from dislocations gliding along the pyramidal 1011 planes, however, appear to interact more violently with the vertical threading dislocations, resulting in the appearance of threading dislocation convergence near the tip mentioned above. The distorted slip bands and the extremely high dislocation densities at the intersections indicate the highly strained state of the material. In addition, the selected area diffraction (not shown here) of the heavily damaged regions did not show evidence of newly phases formed either. Finally, the enlarged version of the area II marked in Figure 4 (a) is shown in Figure 4 (c). It is evident that there is a median crack extending vertically into the silicon substrate. However, unlike that reported in Ref. [17] , the threading misfit dislocations are emerged at the interface between the AlN nucleation layer and GaN layer instead of locating in the silicon lattice. Moreover, since the median crack is locating directly beneath the tip of the indenter and running along the < 110 > directions of the Si(111) substrate, it is likely due to the stress concentration effect originated from the severe slip bands intersect and dislocations pile up seen in Figure 4(b) .
In closing, from the above observations and discussion, it is apparent that, in the Berkovich indentation scheme, the primary deformation mechanism for GaN/AlN multilayers is dislocation nucleation and propagation along the easy slip systems. Since the multiple pop-ins are usually observed after permanent plastic deformation has occurred and two of the possible mechanisms, the deformationinduced phase transition 24-26 29-30 and fracture of thin films 31 were basically ruled out, the most likely mechanism responsible for the multiple pop-ins appears to be associated with the activation of dislocation sources. 32 In this scenario, plastic deformation prior to the pop-in event is associated with the individual movement of a small number of newly nucleated and pre-existing dislocations. As the number of dislocations is increased and entangled to each other, large shear stress is quickly accumulated underneath the indenter tip. When the local stress underneath the tip reaches some threshold level, a burst of collective dislocation movement on the easy slip systems is activated, leading to a large release of local stress and a pop-in event on the load-displacement curve. Each of these collective dislocation movements is reflected as a slip band in the indented microstructure displayed in Figures 4(a-b) . Furthermore, the narrow spacing of the dense bands of defects and/or dislocations along the basal planes near the surface suggests that, in the later stage of indentation, a large indentation load, such as the 80 mN used in the present experiments, starts to activate extensive slip bands along the ∼60 pyramidal planes. The extensive interactions between the dislocations slipping along the two slip systems, therefore, confined the slip bands in a shallow regime, which, in turn, resulted in a heavily deformed and strain-hardened lattice structure.
In the current case, there are, at least, three possible mechanisms can be responsible for this phenomenon. Firstly, the specific hexagonal lattice structure of GaN/AlN multilayers offers the possibility of interactions between dislocations gliding along the pyramidal and basal planes. Secondly, the usual "slip-stick" behavior 33 can also prevail by the interactions between the as-grown dislocations and that are being punched out by nanoindentation loading. Finally, it could be just a consequence of punching out of the threading dislocations by nanoindentation. In other words, the threading dislocations originally existing in the GaN/AlN multilayers could respectively display sudden propagations when acquired enough threshold energy from the deformation, resulting in the multiple pop-ins. The fact that multiple pop-ins were observed only in hexagonal materials strongly suggests the first mechanism might be of primary importance.
CONCLUSIONS
In conclusion, a combination of nanoindentation, FIB and TEM techniques has been carried out to investigate the contact-induced structural deformation behaviors in GaN/AlN multilayers. Results indicated that the hardness and Young's modulus of GaN/AlN multilayers estimated using the continuous stiffness operation mode provided with the nanoindenter are 21.6 ± 0.8 GPa and 285.7 ± 12.1 GPa, respectively. Pop-ins are observed in the loaddisplacement curves and appeared to occur randomly with increasing the indentation load. These instabilities are attributed to the dislocation nucleation and propagation. Consequently, our results strongly suggest that dislocation slip is the primary mechanism for the plastic deformation of GaN/AlN multilayers and slip nucleation rather than phase transformation is responsible for the pop-ins events displayed during loading. Moreover, it is noted that both the basal and pyramidal planes of GaN/AlN lattice are acting as the primary slip systems for collective dislocation motions, which when operating at a higher stress state and hence later stage of indentation may be also responsible for the emergence of the median crack running into the silicon substrate.
